Eryngium alpinum L. is an endangered species found across the European Alps. In order to obtain base-line data for the conservation of this species, we investigated levels of genetic diversity within and among 14 populations from the French Alps. We used the amplified fragment length polymorphism (AFLP) technique with three primer pairs and scored a total of 62 unambiguous, polymorphic markers in 327 individuals. Because AFLP markers are dominant, within-population genetic structure (e.g. F IS ) could not be assessed. Analyses based either on the assumption of random-mating or on complete selfing lead to very similar results. Diversity levels within populations were relatively high (mean Nei's expected heterozygosity = 0.198; mean Shannon index = 0.283), and a positive correlation was detected between both genetic diversity measurements and population size (Spearman rank correlation: P = 0.005 and P = 0.002, respectively). Moreover, F ST values and exact tests of differentiation revealed high differentiation among populations (mean pairwise F ST = 0.40), which appeared to be independent of geographical distance (nonsignificant Mantel test). Founder events during postglacial colonizations and/or bottlenecks are proposed to explain this high but random genetic differentiation. By contrast, we detected a pattern of isolation by distance within populations and valleys. Predominant local gene flow by pollen or seed is probably responsible for this pattern. Concerning the management of E. alpinum , the high genetic differentiation leads us to recommend the conservation of a maximum number of populations. This study demonstrates that AFLP markers enable a quick and reliable assessment of intraspecific genetic variability in conservation genetics.
Introduction
Eryngium alpinum L. (Apiaceae) is an endangered (Gillot & Garraud 1995) , mostly Alpine species (France, Italy, Switzerland, Austria and, possibly, up to Romania, ex-Yugoslavia and Slovakia; Cherel & Lavagne 1982) . Easily recognizable and remarkable for its intense blue colour, the plant is emblematic of the Alpine flora and has high natural heritage value. In 1998, about 50 populations remained in France. Their sizes vary from as few as 10 individuals to several thousand. Some populations may be 'old small populations', some are known to have decreased in size recently and others have disappeared, reflecting the general decline of the species over the last decades (Cherel & Lavagne 1982) . The species is usually found in open habitats (avalanche corridors or hayfields), at altitudes between 1500 m and 2000 m above sea level. Several causes could explain the observed decline, all of them concerning human activities: picking for commercial use (dried bouquets); disappearance of late hay harvest, in August, which used to limit land closure; extension of early grazing, in spring, preventing recruitment and/or flowering. Eryngium alpinum is now protected all over Europe (European Habitat Directive; Wyse Jackson & Akeroyd 1994) and is considered vulnerable by the International Union for the Conservation of Nature (IUCN; Gillot & Garraud 1995) .
In natural populations, stochastic phenomena (environmental, demographic and/or genetic) can weaken the survival ability of populations or species. These processes can initiate an 'extinction vortex' for small populations by a positive feedback (Gilpin & Soulé 1986) . For example, if the size of a population is substantially reduced, genetic consequences, such as inbreeding depression and/or decreased variability, could be triggered which, in turn, will affect the overall fitness and adaptive potential of this population (Newman & Pilson 1997; Frankham & Ralls 1998; Saccheri et al . 1998) . As a result, the effective population size will steadily decline, still accentuating the initial demographic cause of the vicious spiral, ultimately leading to extinction. Thus, geneticists are increasingly asked to cooperate with field managers to provide information on genetic diversity and/or structure and advice before management decisions are taken.
In a review analysing isozyme data of more than 400 plant species, Hamrick et al . (1991) emphasized that widespread, long-lived, wind-pollinated outcrossing species maintain more isozymic variation than do species with other trait combinations. Moreover, selfing and annual species have been shown to maintain much more genetic variation among populations than within populations, contrasting with outcrossing and/or perennial plants. Because it affects the evolutionary potential of a species, the genetic diversity within populations is often used as an indirect indicator of extinction risk (Allendorf & Ryman 2000 ; but see Holsinger 1996) . The amount of genetic differentiation among populations can also provide useful data for planning actions such as reinforcement of existing populations, re-introduction, or ex situ culture or seed collection. Indeed, for financial and practical reasons, not all populations of endangered species can usually be conserved, and priorities have to be defined. If the aim is to preserve the maximum amount of genetic diversity (Holsinger & Gottlieb 1991) , conservationists' efforts will mainly lie on most diverse and/or most differentiated demes (Petit et al . 1998) . Moreover, if reinforcement of an existing population is considered, source individuals should be chosen in genetically and ecologically similar populations in order to avoid eventual outbreeding depression, due to the disruption of complexes of coadapted genes for example (Templeton 1986; Ellstrand 1992) .
Although adaptive variability, rather than neutral variability, controls the adaptability of individuals or populations, neutral genetic markers are extensively used in conservation genetics. Indeed, neutral and adaptive variability are often considered to be significantly and positively correlated (Vida 1994 ; but see Milligan et al . 1994) . Furthermore, neutral markers can give insight not only on the genetic functioning of populations (e.g. mating system, gene flow), but also on past demographic events (such as bottlenecks or founder events), both kinds of information being necessary to understand the present-day situation of populations and to propose conservation measures (Milligan et al . 1994) . The amplified fragment length polymorphism (AFLP) technique, first described by Vos et al . (1995) , exploits the advantages of technical simplicity and generation of large numbers of markers spanning the whole genome without any prior knowledge about it. Thus AFLP allows relatively quick development of markers, which is often important in conservation and endangered species management. Their reproducibility is usually high and the DNA quantity required in polymerase chain reactions (PCR) is quite low (less than 100 ng). Nevertheless, there is a major drawback of the technique; although a few studies have managed to define and treat AFLP markers as codominant (Ajmone-Marsan et al . 1998) , they are usually assumed to be dominant. Because dominant homozygotes and heterozygotes are indistinguishable, allele frequencies cannot be calculated directly and withinpopulation genetic structure (e.g. F IS ) cannot be described. Thus, we must assume some genotypic structure (e.g. Hardy-Weinberg proportions) in order to compute allele frequencies and among-population differentiation.
Here, we report a genetic variability analysis on E. alpinum , performed from a conservation perspective. The following questions were examined. (i) What is the level of genetic diversity in populations of E. alpinum ? (ii) How is genetic diversity distributed within and among populations? (iii) How are the different populations related, and is there a geographical correlation? We tried to interpret the results in the light of the biology of E. alpinum , and to understand the dominant evolutionary forces responsible for the observed patterns in order to propose conservation measures for E. alpinum. We finally discuss the use of AFLP markers in conservation genetics.
Materials and Methods

Plant material
Eryngium alpinum L. is a showy long-lived, herbaceous, diploid (2n = 16) perennial growing in hayfields or avalanche corridors through the European Alps (Cherel & Lavagne 1982) . The taproot persists over the winter whereas the aerial stems, measuring 30-70 cm high, disappear each year. Total lifespan can be more than 10 years (Cherel & Lavagne 1982 ). An individual is usually composed of several (up to 10) flowering stems, each bearing several inflorescences (three on average). Each inflorescence produces 200-300 white and small flowers, and several large blue bracts; geitonogamy (intra-or interinflorescence selfing) is possible. Field observations (Till-Bottraud, unpublished data) show that E. alpinum is mainly pollinated by insects. Mature fruits are dispersed at the end of August. The fruits of E. alpinum split into two parts, each containing a seed which germinates in the following spring. The dried sepals of these fruit parts may stick to the fur of animals and thus favour secondary dispersal.
Fourteen French populations of E. alpinum , chosen to cover a broad geographical range (Fig. 1) , were sampled during summer 1998. The population sizes are widely distributed, ranging from 35 to hundreds of thousands of individuals (Table 1) . Each population was coded as follows: the first letter (E) stands for E. alpinum , the second letter is the initial of the mountain range where the population was sampled ( J is for Jura, G for Haut-Giffre, B for Bauges, V for Vanoise, C for Chartreuse, O for Oisans, E for Ecrins and M for Mercantour), and the number denotes different populations from the same range. In each population, leaf material from 24 widespread individuals was collected, dried in silica gel and stored at room temperature. In three large populations from a valley in Ecrins (Vallée du Fournel -EE05, EE06, EE10) and two populations from a valley in Vanoise (Vallée de Pralognan -EV01, EV02), plants were sampled in different parts of the populations (three, three, three, five and two parts, respectively). This introduced a lower hierarchical level referred to as 'group'.
AFLP protocol
The AFLP procedure included five steps. First, DNA extraction was performed with the DNeasy Plant Mini Kit (QIAGEN) according to the manufacturer's protocol, using 20 mg of dried leaf material. DNA concentration was determined by fluorimetry with the PicoGreen ® ds DNA quantification Kit (Molecular Probes). Second, digestion-ligation: 5.5 µ L extracted DNA (55 ng DNA on average) was added to a 5.5-µ L mixture composed of 100 m m Tris-HCl (pH 7.8), 20 m m MgCl 2 , 20 m m dithiothreitol, 2 m m ATP, 50 µ g/mL bovine serum albumin, 100 m m NaCl, 1 U Mse I, 5 U Eco RI, 1 U T4-ligase, 1.8 µ m Mse I-adapter and 1.8 µ m Eco RI-adapter. The mixture was then incubated at 37 ° C for 2 h and diluted 10 times in purified water. Third, pre-selective PCR was performed using 3 µ L of the precedent diluted mixture added to a 22-µ L mixture leading to final concentrations of 10 m m Tris-HCl (pH 8. to complete extension. After checking for the presence of a smear of fragments (300-600 bp in length) by agarose electrophoresis, the amplification product was diluted 20 times in purified water. Fourth, a selective PCR was performed in which 5 µ L of the amplified diluted mixture was added to a 20-µ L mixture leading to final concentrations of 10 m m Tris-HCl (pH 8.3), 50 m m KCl, 8 µ g/mL bovine serum albumin, 2.5 m m MgCl 2 , 0.12 m m of each dNTP, 0.04 µ m fluorescent Eco RI primer (E.AXX), 0.2 µ m Mse I primer (M.CXXX), and 1 U AmpliTaqGold Polymerase (Perkin-Elmer). PCR reactions were performed with the following profile: 10 min at 95 ° C, 36 cycles of 30 s denaturing at 94 ° C, 1 min annealing and 1 min elongation at 72 ° C, ending with 10 min at 72 ° C to complete extension. Annealing was initiated at a temperature of 65 ° C, which was then reduced by 0.7 ° C for the next 12 cycles and maintained at 56 ° C for the subsequent 23 cycles. Fifth, for gel electrophoresis 2 µ L of the selective amplification was added to a 3-µ L mixture composed of formamide, loading buffer, and size standard (GeneScan 500 Rox, Perkin-Elmer), evaporated to a volume of 3 µ L and denatured at 95 ° C for 2 min prior to loading on 5% Long Ranger polyacrylamide gels.
Electrophoresis was run for 6 h on an automated sequencer ABI 377™ (Perkin-Elmer). AFLP patterns were then visualized with GeneScan Analysis ® 3.1 (Perkin-Elmer): a fluorescence peak corresponds to the presence of an amplified restriction fragment. The clearest and most intense polymorphic peaks were checked individually and a presence/absence (i.e. 0/1) matrix was manually constructed. According to the results of preliminary experiments (Gaudeul, unpublished data), a peak was considered absent if its fluorescence intensity was less than 10 times weaker than its maximum intensity on the same gel.
Primer pair screening
Fifty-six primer pairs were tested on four individuals in the selective PCR. Three of them (E.AGA/M.CAGG, E.ATC/M.CTCT and E.ATC/M.CTCG; Table 2), chosen for the clarity of the produced bands, were used for subsequent fingerprinting.
Reproducibility of each primer pair was checked by carrying out the whole AFLP protocol four times with a varying concentration (1-25 ng/ µ L) on two DNA samples. 
Restriction enzymes EcoRI MseI
Restriction sites
A threshold of 6 ng DNA/µL before digestion was determined, below which some artefactual peaks appeared and some bands disappeared. No problems were encountered with higher initial DNA concentration.
Data analysis
The following points were assumed: (i) the absence of a peak is due to a point mutation in the selective bases; (ii) each peak corresponds to only one amplified product (no comigration) and, thus, to only one locus; (iii) polymorphic loci are inherited in a Mendelian manner; (iv) each locus can have two allelic states: one produces the peak in the AFLP pattern, while the other corresponds to the absence of the peak. Although only one sequence (of the selective bases) leads to the presence of a peak, its absence can be due to several distinct mutations that are all pooled in the 'null allele' state. Independence of markers was first assessed by calculating their pairwise linkage index:
where n is the number of individuals, m ki the score (0/1) of individual i at marker k, and m li the score of individual i at marker l. If marker pairs had values of I < 0.05 or I > 0.95, one was discarded from the data set to avoid redundancy.
Because no information on the heterozygosity of the studied populations of E. alpinum was available, we chose two alternative ways to analyse the data set: (i) assuming that populations are in Hardy-Weinberg equilibrium (F IS = 0) in which case the frequency of the absence of a specific band is q 2 , where q is the null allele frequency; (ii) analysing presence/absence data, in which case band frequencies are equal to allele frequencies assuming a complete selfing for many generations (F IS = 1).
According to these two possibilities, genetic diversity within populations was quantified in three ways: (i) the percentage of within-population polymorphic loci out of all the polymorphic loci; (ii) Nei's unbiased expected heterozygosity
where n denotes the number of individuals and p i the allelic frequencies (Nei 1987) ; and (iii) Shannon index of phenotypic diversity
where p i denotes allele or band frequencies at a given locus (Lewontin 1972) . The procedure of Yeh et al. (1995) was adopted, i.e. calculating H s for each locus separately and averaging them. Only polymorphic markers were taken into account in all calculations. Moreover, we checked the whole data set for clones and private alleles (unique to a given population). F-statistics were computed under the random-mating hypothesis (F IS = 0, see above) by using Tools for Population Genetic Analysis (TFPGA; Miller 1997), providing the unbiased F ST estimator θ of Weir & Cockerham (1984) and its 95% confidence interval, obtained by bootstrapping 1000 replicates over loci. Increasing positive F ST values (0 ≤ F ST ≤ 1) indicate increasing genetic differentiation.
Analysing presence/absence data (F IS = 1, see above), calculations of F ST estimates were obtained with Popgene (Yeh et al. 1997) . Diversity was partitioned by the Shannon index (Bussell 1999) . Additionally, an amova was carried out with Arlequin (Schneider et al. 1997) . Finally, exact tests of population differentiation (Raymond & Rousset 1995) were performed with TFPGA; these tests use a contingency table approach (Fischer's R × C-test) and a Markov Chain Monte Carlo procedure to determine if significant differences in allele frequencies exist among groups of individuals. Fischer's Combined Probability test (Sokal & Rohlf 1995 ) is computed as a global test over loci to determine the overall significance.
In order to test for a correlation between genetic (F ST ) and geographical distances (in km) among populations, Mantel tests were performed using TFPGA (computing 5000 permutations), and a dendrogram was constructed, 
Results
AFLP patterns and polymorphism
Using three primer pairs, 110 scorable fragments were generated, 100 (90.9%) of which were polymorphic either between or within populations. Eighteen ambiguous and 19 redundant peaks were discarded before subsequent analyses, leading to a total of 62 polymorphic markers (21, 29 and 32 per primer pair, respectively). The mean linkage index was I = 0.49. Nine individuals failed to amplify and were excluded. Therefore, analyses were performed on 327 individuals.
Within-population genetic diversity
Identical individuals (exhibiting identical AFLP patterns) were found in only two populations: one pair in EV10 and two pairs in EV04. No private allele could be found. Percentage of polymorphic loci and the Nei and Shannon
indices for each population were significantly correlated (Table 1 ; pairwise Spearman's rank correlation coefficient, r s = 0.98 between Nei's expected heterozygosity and the Shannon index, r s = 0.11 between Nei's expected heterozygosity and the percentage of polymorphic loci, r s = 0.11 between the Shannon index and the percentage of polymorphic loci, P < 0.001 in each case). Nei's expected heterozygosities as well as Shannon indices were not significantly different among populations (Mann-Whitney U-test, P > 0.05). Nevertheless, a significant positive correlation was detected between approximate population size (Table 1) and population diversity (Spearman's rank correlation coefficient, r s = 0.70, P = 0.005 for Nei's expected heterozygosity and r s = 0.74, P = 0.002 for Shannon index; Fig. 2 ).
Among-population differentiation
The F ST value under the random mating hypothesis (see above) among all populations was 0.42 (95% C.I. 0.35 -0.49), and the mean F ST among all pairs of populations was 0.40 (SD = 0.10), ranging from 0.17 between populations EE10 and EG01 to 0.63 between populations EE02 and EB01 (Table 3 ). All F ST values significantly differed from zero. Thus, F ST values indicated a strong differentiation among populations. When AFLP bands were only treated as presence/ absence data (F IS = 1), the results were almost identical to those given above. The mean absolute difference of F ST values estimated with both methods was 0.04, with a minimum of 0.0014 and a maximum of 0.11. Figure 3 Moreover, exact tests of population differentiation confirmed the pattern of strong population differentiation (P < 0.001 in 89 out of 91 cases). amova revealed that 43.5% of the genetic variation was found among populations, whereas 56.5% was detected within populations. Shannon index partitioning was similar (43.7% and 56.3%, respectively). The latter two results are congruent with the global F ST value of 0.42.
The same analyses were performed on nine groups from three populations in a valley in Ecrins, and seven groups from two populations in a valley in Vanoise. Based on F ST values (assuming Hardy-Weinberg equilibrium in each group) and group-differentiation tests (Table 4) , differentiation among groups within populations appeared to be consistently lower than among populations. Significant differentiation was found among populations within a valley but not among groups within a population, and mean within-population F ST was 0.12 and 0.13 in the valleys of Ecrins and Vanoise, respectively. In agreement with these results, amova showed that the major part of genetic variation was found within groups (69.9% and 51.6% in Ecrins and Vanoise, respectively) and that the genetic variation among groups within populations was very low (2.2% and 0.2%, respectively) compared to variation among populations (27.9% and 48.2%, respectively). In Ecrins, five out of 36 group-differentiation tests (within and among populations) were significant and mean pairwise among-group F ST = 0.37, whereas in Vanoise, eight out of 10 group-differentiation tests were significant and mean pairwise among-group F ST = 0.49.
Genetic vs. geographical structure
The overall Mantel test based on 14 populations was not significant (r m = 0.03, P = 0.416). However, when the groups within populations (see above) were included in the analysis (leading to 25 demes), a significant positive correlation between genetic and geographical distances was detected (r m = 0.50, P = 0.002). A positive correlation was also found among the groups within populations in a valley in Ecrins and a valley in Vanoise (r m = 0.49, P = 0.028 in Ecrins; r m = 0.90, P = 0.010 in Vanoise). In Fig. 4 , a positive relationship between genetic differentiation and geographical distance was evident up to 2 km in Ecrins, and up to 200 m in Vanoise.
The neighbour-joining dendrogram constructed with all populations on F ST (assuming random mating) was only supported by low bootstrap values (nine out of 11 bootstrap values were below 50%; Fig. 5a ), suggesting a limited reliability of the pattern found. Moreover, the way populations tended to cluster seemed to be independent of their geographical origin. In contrast, dendrograms constructed on the populations EV01-EV02 and EE05 -EE06 -EE10 exhibited high bootstrap values (at least for the between-population nodes), and the observed patterns were in total agreement with the populational origin of the groups (Fig. 5b,c) .
Discussion
Within-population diversity
Mean diversity was 0.283 for Shannon index and 0.198 for Nei's expected heterozygosity in the 14 populations studied of Eryngium alpinum. Comparing results from different studies is difficult because of the type of markers used (Crouch et al. 1999; Powell et al. 1999 ), the precise technical protocol applied (Breyne et al. 1999) , and the specific way in which indices were calculated, may lead to erroneous conclusions (especially, for the Shannon index; Allnutt et al. 1999; Bussell 1999) . Genetic diversity also depends on many species-specific traits, e.g. life cycle, geographical range and mode of reproduction. Nevertheless, literature values obtained with AFLP or random amplified polymorphic DNA (RAPD) markers indicate that E. alpinum exhibits an intermediate level of intrapopulational genetic diversity (Travis et al. 1996; Martin et al. 1997; Paul et al. 1997; Wolff et al. 1997; Bussell Fig. 4 Relationship between genetic differentiation (estimated F ST based on random mating) and geographical distance (a) among all studied demes (populations or groups, for a total of 25) (b) between nine groups in three populations in Ecrins (EE05, EE06, EE10) and (c) between seven groups in two populations in Vanoise (EV01, EV02) of Eryngium alpinum. Each point stands for a pair of demes.
1999; Morden & Loeffler 1999; Muluvi et al. 1999 ). This conclusion should nevertheless be interpreted with caution. The high genetic diversity found in E. alpinum could be due to intrapopulational structuring into subpopulations. However, when calculations were based on individuals in different parts of a population, genetic diversity indices were still high (data not shown), ruling out subpopulation structure as a cause. Thus, we suggest either the absence of recent severe bottlenecks or that genetic diversity may not respond immediately to reduction in population size (Young et al. 1996) . Nevertheless, we found a positive correlation between population size and genetic diversity, in agreement with the hypothesis that small populations cannot maintain diversities as high as those found in larger populations (Frankham 1996; Fischer & Matthies 1998; Frankham & Ralls 1998) . High diversity is probably a consequence of gene dispersal, either on a spatial or a temporal scale. Spatial gene dispersal is ensured by pollen and, to a lesser extent, by seed movement (Ellstrand 1992) . On the other hand, temporal dispersal may occur through intergeneration crosses within populations (favoured in E. alpinum by long, overlapping life-spans; Hamrick & Godt 1996) and/or through persistence in seed-banks (Caha et al. 1998) . 
Among-population differentiation
Population differentiation measurements differed only slightly when different within-population genetic structures were assumed (random mating or total selfing), leading to essentially identical results. Thus, population genetic structure was insensitive to mating system, assuming all populations behave in the same way. Although diversity was mostly found within populations (≈60%), genetic differentiation among populations was also high (F ST = 0.42), suggesting that there is very little gene flow among populations. Data in the literature (mainly on isozymes) are F ST = 0.2 for outbreeding species and 0.5 for inbreeders (Loveless & Hamrick 1984; Hamrick & Godt 1989; Bussel 1999) . On this basis, E. alpinum would be classified as a mainly selfing species. One should nevertheless keep in mind that this differentiation measure is potentially high because of the relatively wide geographical range surveyed (mean distance between adjacent populations of E. alpinum = 25 km). Indeed, F ST falls to 0.30 when only close populations are considered. Together with the high level of genetic diversity within populations, consistent with field data (Till-Bottraud, unpublished data), this suggests that E. alpinum probably has a mixed breeding system.
Absence of differentiation is typically explained by high gene flow (counteracting genetic drift) or by the history of populations (e.g. recent colonization). In E. alpinum, different patterns of genetic differentiation were obtained at two different geographical scales, reflecting the above two phenomena. In the valleys of Ecrins and Vanoise where we studied several populations, genetic differentiation increased with geographical distance, in agreement with an isolation by distance model (Ellstrand & Elam 1993) . By contrast, between valleys, there is no correlation between genetic and geographical distances although populations are strongly differentiated. This shows that gene flow is stronger than drift and is essential for modelling genetic variability on short distances, but is no longer the most influential mechanism when distances increase. Short seed dispersal or pollen transport by insects are probably responsible for the isolation by distance observed within valleys. Gene exchange must have been high within populations (nonsignificant differentiation among groups), when distances less than 200 m are considered (Fig. 4) . This threshold distance appears to be species-dependent (Ellstrand 1992) and, as in this study, is likely to vary among sites. Above this threshold, genetic differentiation within the populations of a valley (Ecrins and Vanoise) increases. In the Fournel valley, the adequacy of the isolation by distance model suggests the evolution of a metapopulation. Indeed, populations seem to be demographically independent but could nevertheless be linked by occasional exchange of migrants and, thus, by a slow extinction-colonization dynamic. This is of importance from a conservation viewpoint, because a network of small, interconnected demes could maintain more genetic variability than a single, large, random-mating population (Fischer & Matthies 1998) , and could be less susceptible to genetic drift but more vulnerable to demographic stochasticity (Gliddon & Goudet 1994) .
By contrast, when considering the overall distribution of E. alpinum in the French Alps, isolation by distance does not occur. Past demographic events, rather than gene flow, are likely to be responsible for this present-day structure of genetic variation. In the following sections, three scenarios are proposed, which are not mutually exclusive and focus either on population colonization, on more recent history, or on a specific characteristic of the AFLP markers.
Alpine species colonized their actual distribution range after the end of the Quaternary glaciations, more than 10 000 years ago. At this time, plants grew either in low altitudinal peripheral ice-free areas (the 'tabula rasa' hypothesis) or in small refuge populations in glaciated regions (the 'glacial survival' hypothesis). After glaciation, they migrated into deglaciated terrain as the ice retreated (Gabrielsen et al. 1997) . The way this range expansion occurred may explain subsequent genetic differentiation patterns, as shown for several plant species (Comes & Kadereit 1998) . The random genetic differentiation observed in E. alpinum could be characteristic of occasional long-distance colonization events out of a single periglacial refuge, followed by low levels of mutation and drift (e.g. not enough for private alleles to appear). In contrast, a massive unidirectional migration wave should lead to a clinal pattern of allelic and genetic diversity in the descendant populations (isolation by distance).
An alternative explanation to the observed genetic structure is severe bottlenecks in some populations. In this case, low effective size of populations would have increased genetic drift and led to the loss of allelic diversity with random fixation of alleles. This would have resulted in new random allelic composition of populations independent of their geographical location. The high level of diversity restored in the populations and the long lifespan of E. alpinum suggest that these bottleneck events, if any, must have happened a long time ago. Whatever the causes of the high population differentiation in E. alpinum, the absence (or the extreme weakness) of gene flow between them is necessary to explain the maintenance of this structure through time.
A third explanation for the observed genetic structure could involve the possible homoplasy of AFLP markers. Indeed, if we have homoplasy, it could cause an underestimate of population differentiation. This is especially probable between long-isolated demes and could bias comparisons of genetic differentiation among pairs of populations. However, homoplasy is thought to be rare.
Rouppe van der Voort et al. (1997) sequenced 20 AFLP bands on five individuals of potato and only found homoplasy in one band. In the present study, we tried to limit homoplasy by using only unambiguous bands that were easy to score.
Conservation implications
Although populations of E. alpinum are often small and isolated, high genetic diversity within populations was found. This is encouraging for the long-term viability of most populations. Nevertheless, demographic and additional genetic studies are necessary to monitor the current or future decline of the species' populations. If populations decrease too much in size, they will become more sensitive to stochastic events. Moreover, a recent decrease in population size might not be discernible yet in terms of genetic diversity. Thus, the future status of populations of E. alpinum and the possible expression of inbreeding depression should be carefully followed. As a relatively high genetic differentiation among populations was found in the present study, conservation measures should save a maximum number of populations, with priority to those that are genetically most diverse and/or differentiated (e.g. EE05, EO03 and EM01). In addition, it is also important to prioritize populations in different regions in order to limit population declines caused by large-scale environmental catastrophes.
Conclusions
The present study provides important base-line data for the long-term conservation management of E. alpinum: high within-population genetic diversity and high genetic differentiation highlight the need to conserve many populations and to monitor further their genetic and demographic status. While the dominance of AFLP markers clearly hampers their use for estimating standard population genetic parameters (e.g. observed heterozygosity or intrapopulational fixation index), the present study outlines that reliable biological information can nevertheless be obtained on among-population genetic relationships. Indeed, when within-population structure cannot be assessed through codominant markers data, statistical tools enable us to make different assumptions on within-population structure in order to obtain maximal and minimal values of amongpopulation differentiation. In this context, AFLP markers enable a fast and reliable assessment of intraspecific genetic variability and structure.
